Introduction
Dielectric Elastomers (DEs) form a specific class of Electro-Active Polymers (EAPs), which will have significant potential in the next generation of soft actuated systems. Their electro-mechanical properties allow conversion of energy between electrical and mechanical forms. DE-based actuators produce mechanical deformation in response to an applied voltage. The actuation includes low cost, high energy density, noise-free operation and does not require a rigid mechanical structure. In addition, the force density generated by DE Actuators (DEAs) is similar to that of human muscles [1] [2] [3] .
Applications have been explored in robotics [4] [5] [6] and muscle-like actuation [7] [8] [9] . In particular, the relatively fast response of a DEA has potential for applications in pumps [10] [11] [12] [13] , valves [14] [15] [16] , loudspeakers [17, 18] and optical positioning systems [19] [20] [21] . Moreover, DEs have also been shown to have capabilities in smart sensors [22, 23] and energy harvesters [24] [25] [26] [27] [28] .
The deformation and dynamic force output of a DEA depends on the viscoelastic properties of the elastomer, which are often modelled as spring-damper rheological systems. In early work, Hackle et al. [29] demonstrated that the standard linear solid model is a more suitable representation than the KelvinVoigt model that contains only one spring and one damper in parallel. Li et al. [26] proposed an analytical model based on the standard linear solid representation to evaluate the effect of DE viscoelasticity on energy conversion. Hong [30] questioned the accuracy of the well-known material models [31] [32] [33] in simulating viscoelastic DE actuation, and developed a general field theory for the coupled electro-viscoelastic behaviour of dielectric elastomers. These models are yet to be validated experimentally. Choi et al. [34] tested polyacrylate-and silicone-based biomimetic DEAs in the frequency domain up to 10 Hz and 100 Hz. A viscoelastic material model was derived in the early part of this work to develop a control strategy. However, the presented frequency response ignored phase information, hence the accuracy of the modelling was not evaluated fully in the frequency domain.
Recent work has started to validate viscoelastic models of frequently used materials. Berselli et al. [35] have validated experimentally the Zener model in simulating VHB 4910 in a constant-force DEA with stretch rates up to 10 mm/s. Hossain et al. [36] proposed a modified Bergstrom-Boyce viscoelastic model with a finite strain linear evolution law to simulate VHB 4910 in various step-based standard testing. The accuracy of the model is excellent in simulating material deformation, which degraded for strain rates above 0.05 s -1 . Zhang et al. [37] employed a constitutive model of the DEA to perform model-based control for creep elimination in VHB 4910 under constant stretch. The same research group also developed a combined Kelvin-Voigt-Maxwell model to simulate step responses of VHB 4910 for actuation strains up to 100% [38] . The models were accurate under limited loading conditions.
The previously cited papers show research gaps:
(a) The dynamics of DEAs and the effect of viscoelasticity at different operating frequencies have not been characterised completely (theoretical and experimentally).
(b) The accuracy and flexibility of existing viscoelastic material models in simulating real materials is not satisfactory and can be improved.
Physically, an elastomer contains numerous molecular segments that have diverse dissipation properties due to different segment orientations. The relaxation of segments may not occur simultaneously, resulting in different characteristics at different frequencies. The Maxwell-Wiechert model [39] , which contains multiple spring-damper combinations, may be a better option for DEA modelling. It has been used to analyse viscoelasticity and stress relaxation of fibres [40] , electro-optic polymers [41] and composite beams [42, 43] . The main disadvantages of the Maxwell-Wiechert model in these applications are:
(c) It is inaccurate for short-term stress relaxation prediction. To address the research gaps, this paper is focused on characterising DEs and DEAs in the frequency domain. The contribution of the paper is the provision of a parameter identification procedure for 
Taking the constraint in the experimental setup as ̇0 ′ = 0 ′ = 0, equation (4) simplifies to
Equation (5) can be therefore presented in the state space form as
where
Under uniaxial loading, when an external stress 1 and electric field are applied to the DE, the equation of the state gives the stress in direction 1 as ( [47] )
where ( 1 , 2 , 3 ) is the free-energy density function, 1 , 2 and 3 are the pre-strains in the three orthogonal directions. Taking = , the actuation force is derived as
where is the applied voltage, 0 is the dielectric permittivity in a vacuum, is the relative dielectric permittivity of the DE, is the width of the AR region and is the thickness of the DE.
Dynamics of the first-order model
To understand fully the benefits of having a higher order model, it is important to know the influence of the springs and dampers on the system dynamics in the first order case. Given a sinusoidal displacement input as
the steady state dynamic force will have the form
where is the operating frequency and is the phase. The dynamic response of a typical first-order model ( = 1) is shown in figure 2 . At very low operating frequencies ( → 0), the damper 1 isolates the spring 1 and the system is approximated by the spring 0 . At relatively high operating frequencies ( → 45 rad/s), the damper acts as a strut. The system is therefore approximated by two springs in parallel, 0 + 1 , defining the high frequency asymptotic characteristic. Over the frequency range between these two points, the dynamic stiffness of the system changes from 0 to 0 + 1 and the frequency rate of transition depends on the damper 1 . Figure 2 also shows the phase of the first-order model. The curve rises rapidly and reaches the peak at the frequency where the dynamic stiffness curve has the highest rate of change. It then decreases gradually to zero. 
Effect of having higher order
Now consider a second-order model that contains one main spring and two sets of spring-damper parallel combinations ( = 2). Given the same sinusoidal displacement input as in equation (9), the dynamic stiffness and phase are shown in figure 3 . The dynamic stiffness starts at 0 and high frequency asymptote is 0 + 1 + 2 . The transition depends on 1 and 2 . The phase curve has monotonic rise and a two-stage decrement. In comparison with the first-order model of figure 2, the second-order model allows more versatile definition of the dynamic stiffness and phase over the frequency range. Given equations (9) and (10), in the Laplace transform domain, the dynamic stiffness is given by 
Setting = gives the frequency dependence of the stiffness in complex form. It is therefore evident 
The inequalities of equation (12) show that the dynamics of a second-order model are not simply a superposition of the individual parallel elements in equation (13), therefore having important implications when identifying parameters for the model.
Parameter identification
The process of parameter identification for a first-order model could be relatively straightforward.
Given a measured dynamic stiffness characteristic, the lower and higher frequency values could be set to 0 and 0 + 1 , respectively. The damper rate, 1 , then be adjusted to give the best fit for the transition between the lower and higher frequency values.
In higher order models ( ≥ 2), the parameter identification is more difficult because the springdamper combinations are not simple superpositions (see equation (12)), therefore the fitting cannot be a sequential process for each parameter. Hence the scheme of figure 4 was formulated to include an iterative procedure to establish the higher order system parameters. The differences of the fitted model Set the initial system order = 1
Starting from = 1, fit the ℎ part with and and update all the previously identified parameters Split the frequency range into i user-defined frequency sub-ranges
compared with measured characteristics are defined in terms of the mean absolute errors in magnitude and phase over the specified frequency range by
The parameter identification is intended to be performed for DE samples under direct mechanical loading.
Experimental procedure

DE fabrication and configuration
To demonstrate the validity of the model, two types of DE having distinct viscoelastic properties were selected to be subjected to force measurements, polyacrylate-and silicone-based. For electrical actuation experiments, the single-layer samples of polyacrylate and silicone included an AR of area 40 mm×40 mm. Cables were wired onto the clamps and the AR was extended to the clamp for the lead contact. The electrode material used was graphite powder, which was chosen to facilitate the electrode deposition using the screen printing technique. Figure 5 shows the sample configurations. 
Dimensions in mm AR
Measurement system setup
For mechanical loading at low frequencies, the stacked multi-layer sample of polyacrylate was clamped to a hydraulic loading machine, HCIO from DARTECH TM and to a load cell, LCBP-5 from OMEGA TM . The load cell was capable of measuring forces up to 50 N. The stacked sample was clamped to give exposed length of 10 mm, then it was pre-strained by 100% to have the effective length of 20 mm. Cyclic loading was then applied under closed loop control to give peak-peak sinusoidal displacements as 2 mm (0 to 10% strain), 4 mm (0 to 20%), 6 mm (0 to 30%), 8 mm (0 to 40%), 10 mm (0 to 50%). At each level of cyclic strain, force measurements were recorded over 10 cycles at frequencies in the range of 0.01 Hz to 5 Hz and the samples were trained prior to taking measurements to remove the Mullins effect. The setup is shown in figure 5 (d).
For mechanical loading at higher frequencies, the single layer samples (polyacrylate and silicone)
were pre-strained, 1, = 1.2 for silicone, and 1, = 1.4 for polyacrylate, to achieve better force For all experiments, LabVIEW and the microprocessor, compactRIO, from NI TM were used for data transmission.
Data correction to remove resonance effects
Depending on the mass of the clamp used to connect the DE samples to the load cell, and the stiffness of the load cell itself, resonance effects can occur. In our particular setting, resonance occurred between 40-60 Hz. Because the mass of the DE samples is negligible compared with that of the clamp, the resonance effects are not attributable to the characteristics of the DE samples. In order to obtain the true characteristics of the DE samples, a correction procedure was applied to remove the influence of the clamp-load cell resonance.
The dynamic stiffness characteristics of a DE sample under mechanical loading should be evaluated 
If the displacement input due to mechanical loading is 0 , the deformation of the DE, , is given by
The force exerted on the DE is obtained by removing the inertia force: 
where is the same phase as in (equation (10)), it follows in the complex form that
Similarly, in the case of electrical actuation, = 0 sin , the dynamics are represented by the complex form
The values of and M should be adjusted to suit the experimental setup. Under mechanical loading up to 5 Hz, a relatively stiff load cell was used to measure the force output of the stacked DE samples compared to that used for the single-layer samples up to 100 Hz. The clamps used were different in each case, but had similar masses. Resonance was experienced around 50 Hz for the single-layer tests, which is within the test range, hence the correction formulas were applied. However, for the stacked sample tests, the resonant frequency greatly exceeded the maximum forcing frequency of 5 Hz, hence the corrections were not applied. Figure 8 shows the mechanical loading results for the stacked polyacrylate sample under 100% prestrain and peak-peak strain variations of 0 to (10%, 20%, 30%, 40%, 50%) over the frequencies up to 5
Results
Mechanical loading over 0.01-5 Hz for the stacked polyacrylate sample
Hz. It is evident that the phase variations depend only weakly on the dynamic loading. However, the magnitudes vary between 2.3 N/mm and 3 N/mm at 5 Hz, higher strain variations giving reduced magnitudes. Figure 9 shows the magnitude and phase variations averaged over the strain variations. These averaged curves were then used to fit first-, second-and third-order models following the iterative flow chart in figure 4 . The third-order model provides a significantly better agreement with the experimental results in both magnitude and phase. The first-and second-order models have different dynamics, especially in the phase, compared with the measured characteristics. The reason is that these two lower order models lack the degrees of freedom to define the dynamics in phase and magnitude simultaneously.
The third-order model is sufficient to allow detailed definition of dynamics over a broader frequency range. However, the third-order model still deviates below the measured phase by up to 10 deg. for frequencies below 1 Hz ( figure 9 ). This could be corrected by increasing the model order further. Table   2 shows the identified parameters for models and the evaluated errors in magnitude and phase. It shows that by having a second-order model, the errors are reduced by approximately 40%; by having a thirdorder model, the errors are reduced by approximately 80%. Moreover, given the cross-sectional area of the sample as = 100 mm 2 , the pre-strain 1, = 2 and the effective length of the sample as = 20 mm, the identified 0 indicates the estimated elastic modulus of the polyacrylate as 0.16 MPa, which is close to the expected value. evidence in polyacrylate. In the corrected results, the silicone has a near constant stiffness and zero phase. For polyacrylate, more force is required to overcome the damping effects at higher frequencies.
Mechanical loading over 1-100 Hz for single-layer silicone and polyacrylate samples
The stiffness and phase of the polyacrylate therefore increase with frequency. during electrical actuation, hence the benefit of having higher order models is less significant compared with that in mechanical loading and is associated mainly with phase. In phase, the first-order model is accurate below 10 Hz, the second-order model remains accurate until 20 Hz and the third-order model fits well up to 50 Hz. It confirms that increasing model order allows more accurate modelling over a broader frequency range. However, the simulated dynamics deviate from the measured characteristics above 70 Hz because the actuation force is reduced and affected by measurement noise (e.g. low signal to noise ratio). Because the DEA model is derived based on the viscoelastic material model with added
Maxwell pressure, good agreement between the models and the measured characteristics validate the accuracy of Maxwell approach for real materials, as Hong [30] had questioned.
Conclusions
This paper has considered the use of higher order Maxwell-Wiechert material models that contain multiple spring-damper combinations for more accurate representation of the viscoelastic characteristics of dielectric polymers. Compared with a conventional first-order model, the higher order representation allows the system dynamics to be shaped over frequency ranges. They offer more degrees of freedom in the parameter identification process, which leads to more accurate determination of the frequency response. An iterative procedure has been devised to guide the parameter identification such that magnitude and phase error bounds are within specified tolerances. To demonstrate the model identification, two dielectric polymers, silicone and polyacrylate, were used. They were configured in a single-layer sheet format for higher frequency testing during which the mechanical strain variations were less than 10%, thus avoiding buckling of the sheet during the cyclic loading. Lower frequency testing with strain variations above 10% was performed using stacked layers of the polyacrylate, to eliminate the occurrence of buckling during the cyclic loading. The polymer samples were subjected cyclic loading and forces were measured using load cells. The combination of low level forces and the low stiffness of the load cell used during the higher frequency testing led to resonance being experienced within the frequency range. A correction procedure was therefore implemented in which the inertia forces and load cell deflections were accounted for and eliminated from the dynamic frequency response measurements to reveal the characteristics of the polymer samples alone.
The experimental results and parameter identification for the silicone sample under mechanical loading indicated that a first-order model is appropriate, which is due to the spring-like behaviour of the polymer material. However, the polyacrylate samples required third-order models to achieve suitable accuracy to represent the viscoelastic characteristics. For the polyacrylate, third-order models improved the accuracy in modelling by 80% compared with the conventional first-order model.
The proposed higher order modelling and parameter identification of this paper should prove useful in the model-based control for polymer-based soft robotic systems.
